Introduction
Most crystalline materials used in technologically interesting applications are polycrystallites rather than single crystals. As a consequence, the exposed surfaces of these materials represent all possible crystallographic surface orientations. Unfortunately, the majority of surface studies have focused on the properties of high symmetry, low index surfaces. The question of how to ex-* Corresponding author. Fax: + 1 (313) 763-4788. trapolate from the properties of a few high symmetry surfaces to the average properties of a random, polycrystalline material remains open, The focus of the present paper is the determination and analysis of average surface thermodynamic properties.
It is not feasible to directly determine average surface properties of a polycrystalline sample via atomistic simulations due to the large number of atoms necessary for such a study. As an alternative, we examine the average surface properties of spherical clusters of atoms. Since both a sphere and a random (untextured) polycrystalline solid expose all possible surfaces, we expect that the average surface properties of a sphere will provide a good approximation to the average surface properties of a random polycrystal. The average surface properties of textured polycrystals are, however, not accurately represented by such spherical averages. Simulations were performed as a function of spherical cluster size in order to isolate the effect of finite cluster size. Clusters of metal atoms are also of interest in catalysis since many praztical catalysts are in the form of small (lo-100 A) metal particles.
The two surface properties that we focus on in the present study are surface free energy and surface stress. Although the terms surface free energy and surface tension (or stress) are often used interchangeably, the surface free energy and surface stress are quite distinct for a solid. The surface stress rap is the variation of the total surface free energy with respect to strain E,~:
where y is the surface free energy per unit area, S,, is the Kronecker delta function and (Y and p are two orthogonal directions in the surface. In a liquid, however, the second term in Eq. (1) is identically zero and the surface stress and surface energy are equivalent. This is because when a liquid is strained at constant temperature, additional atoms move into the surface positions and the structure of the surface remains unchanged.
It is the surface stress that is responsible for the internal stresses and changes in lattice constants of small clusters. As an example, consider a spherical, elastically isotropic crystal of radius R whose interior, due to the surface stress, is under compression. If we make an imaginary cut through the origin of the sphere, and perform a force balance in the z-direction then we can show that in the limit that the thickness of the surface goes to zero, the pressure P resulting from a finite surface stress T is given by P= -27/R.
(2) In deriving Eq. (21, 7 is the average tangential surface stress, where the average is taken over both the entire surface area of the cluster and over the 00 and &#J components of the surface stress tensor. The stress state within this sphere of zero surface thickness would be purely hydrostatic and would be uniform throughout the sphere, except right at the surface. Experiments [l] have shown that the change in lattice parameter is inversely proportional to particle size, in agreement with Eq. (2) .
In the present paper, we determine the average surface free energy and surface stress of spherical clusters of Ag, Au, Cu and Pt atoms as a function of cluster size and temperature. In addition, we independently measure the pressure internal to the cluster and the surface stress in order to validate Eq. (2). We also investigate the variation of internal stress within the cluster to determine the effective width of the surface.
Simulation method
As described above, the simulations were performed on spherical clusters of atoms. Since these clusters were carved out of infinite fee crystals (i.e., all atoms within a distance less than or equal to R of a central atom are included within the cluster), the "spherical" clusters exhibit small facets. This is not unreasonable, however, since all high index surfaces are describable in terms of steps and terraces. As the cluster radius R is increased, these clusters become increasingly better approximations to true spheres. It is in the limit that R + ~0, the surface properties of the cluster represent true spherical averages. Several simulations were also performed for flat surfaces bounding semi-infinite crystals, in order to compare with the spherical cluster results. These simulation were performed using the free energy minimization method, as in our previous grain boundary studies [21.
The free energy simulation method
At finite temperatures, the central thermodynamic property of a cluster is its free energy. In pure materials, the free energy, A, has two main contributions: a static lattice energy A, and a term attributable to atomic vibrations A,. The static lattice energy is simply the energy of the atomic structure in which each atom is frozen at its average position. In the present study, we model the static lattice energy in terms of the widely applied embedded atom method (EAM) interatomic potentials [3] . These potentials have been shown to yield excellent agreement with a wide variety of experimental data.
At sufficiently low temperatures (i.e., up to about nine tenths of the melting point 12,411, the motions of the atoms in a solid are nearly harmonic. We can simplify this harmonic approximation further by neglecting the terms that couple atoms together. The vibrational contribution to the Helmholtz free energy, A,, is thus given by
where N is the total number of atoms within the system, k,T is the thermal energy, h is Planck's constant and c$,, are the three vibrational frequencies. associated with atom i. Under the assumptions of the local harmonic model [2, 4] , it is possible to determine the C$ for a perfect crystal, by diagonalizing the local dynamical matrix for each particle i within the unit cell. In the classical limit (r?w c k,T), Eq. (3) simplifies to
where Di = [w1i02iw3i]2 is the determinant of the local dynamical matrix of particle i. The equilibrium structure is obtained by minimizing the free energy with respect to the atomic coordinates of the particles within the cluster. This minimization is accomplished using the conjugate gradient method with the convergence criterion chosen such that the maximum pseudo-force (-aA/&'> on any particle did not exceed 1 X lo-' eV/A for the zero temperature simulations and 1 x lop4 eV/A for the finite temperature simulations. A more detailed description of the free energy minimization method may be found in Ref. [2] . Previous studies have shown that this method yields accurate free energies for grain boundaries and point defects [2, 4, 5] .
Although small atomic clusters often show faceting and can exhibit phases which are different from those seen in equilibrium bulk phases, the present study does not examine either of these two aspects of the structure of small clusters. In fact, the present simulation procedure was chosen such that the clusters represent the average surface properties of bulk crystal as well as possible.
Surface energy and stresses
The surface free energy y was determined as the difference between the free energy of the cluster of atoms and that of the same number of atoms in a perfect crystal at the same temperature and stress state as in the center of the cluster and divided by the surface area of the cluster (47rR2). The bulk stresses Q, within the cluster may be written as k#i where 0' is the atomic volume associated with atom i and rpki is the p component of the vector connecting atoms k and i. F,k' = -aA/ar,k' is the pseudo-force on atom i associated with the displacement of atom k in the a-direction, where A is the free energy of the cluster.
A method for the determination of surface stresses of flat surfaces, where a unit cell can be defined, has been proposed by Ackland and Finnis [6] . The surface stress tensor is written as a sum over all of the atoms i of the lattice 7 ols= &r;= -A,' t c r,k'F,k',
where eaB are the homogeneous strains within the plane of the surface, A, is the surface area of the unit cell, ui is the energy associated with atom i within the unit cell. The summation over k includes all the sites within the unit cell. For the spherical clusters, there is no readily identifiable unit cell and no simple method for identifying surface atoms. Therefore, an alternative procedure was developed in order to avoid these difficulties. The surface stress is the deriva-tive of the total surface free energy with respect to the homogeneous surface strain E,: rap = (I/Ac)a(3/Ac>/ae,p.
For the clusters, this becomes
i=l k#i where the summations are evaluated over all atoms in the system and the second term accounts for the stressed reference state. An explicit expression for the surface stress, derived for the embedded atom method (EAM) class of potential is given in the Appendix.
Implementation of symmetry
The present study focuses on a series of face centered cubic metals. Since the crystal structure of the clusters have cubic symmetry, we can reduce the number of atoms needed for simulating the spherical cluster by employing some of the symmetries of this crystal structure. By making use of the reflections in the (100) planes (i.e., the four-fold symmetry), it is possible to generate all atomic positions within the spherical cluster simply by considering only those atoms within a single octant (assuming that the cluster is centered at the origin). The positions of the atoms in all other octants can be obtained by reflections in the (100) planes. Making use of this mirror symmetry operator, we simulated spherical clusters with R G 15a, on a workstation with 16 Mbytes of memory, where a, is the fee lattice parameter at zero pressure. Without employing this four-fold symmetry, we were only able to examine spherical clusters with R G Sa,. It is possible to increase the cluster size even further by making use of the reflections in the {llO} planes, but this would result in an increase of only 2a, in simulated cluster size (to 17a,) and hence was not implemented.
Results

Zero temperature
Spherical clusters of Ag, Au, Cu, and Pt with radii in the range 3a, G R G 14a, were examined. In addition to the surface energy and surface stress, the following properties of the cluster interior were also examined: the lattice parameter at the center of the cluster (acent), the pressure at the center of the cluster <P,,,,>, and the overall stress state within each cluster. Fig. 1 shows the variation of the surface energy of the clusters as a function of cluster size R at T = 0 K. This figure shows that there is some variation in the average surface energy with cluster size R, with the largest variations occurring for small clusters. However, this variation in the average surface energy becomes small for clusters with radii larger than approximately 4a, and very small for radii larger than lOa,. These results suggest that average surface energies have converged to within approximately 3% of the infinite radius results with clusters as small as 4a, and to within 1% for lOa, clusters. The large radii average surface energies for Ag is 765 mJ/m2, for Au is 970 mJ/m2, for Cu is 1422 mJ/m2, and for Pt is 1742 mJ/m2.
Comparison of the average surface energy results with experimental data [7] suggests errors of approximately 35%. This error is largely attributable to the empirical EAM interatomic po-tentials. In fact, comparison of the energies of flat, high symmetry surfaces calculated based upon these same potentials [3] with experimentally measured surface energies of polycrystalline metals [7] show errors of 35-45%. This is much too large to be attributed to the difference between average and high symmetry surface energies, as discussed below. There is also considerable uncertainty in the experimentally determined surface energies as different researchers quote widely varying values [7] . The 0 K experimental data were obtained by extrapolating experimental data from high temperature using a linear correlation of the surface energy with the cohesive energy and an assumed surface entropy. Given this considerable uncertainty, the nature of the conclusions that can be drawn from the present study are limited to trends and correlations and the absolute values of the surface energies should be viewed as only semi-quantitative.
The overall shapes of the surface free energy versus a,/R curves for all four elements are very similar: i.e., a maximum at the smallest cluster size (largest value of a,/R) and local minima at a,/R = 0.29,0.22 and 0.13. The similarity of these lattice parameter vs. sphere size curves suggests that the variation depends more on the discreteness of the lattice and crystal structure than on element type. We attempt to clarify this relation by normalizing all of the curves by the average surface energy of the R = lOa, cluster (see Fig.  2 ). This figure shows that most of the variation with cluster size is attributable to the different "shape" of the clusters as a function of cluster radius. The deviations from this "universal" form, attributable to the different element types is quite small and is not systematic.
Eq. (2) suggests that non-zero surface stresses will create a non-zero pressure within the cluster. The pressure at the center of the spherical cluster of atoms Pcent is plotted in Fig. 3 as a function of inverse cluster size a,/R for T = 0 K. If the continuum elastic analysis is valid and the surface stress is independent of cluster size, then we should expect Pce,t to be directly proportional to l/R. Fig. 3 shows that except for the smallest atomic clusters CR < 4a,), Pcent is a linear function of the inverse sphere radius for all four which are manifested as small variations of the surface energy with cluster size. The fact that the P cent vs. a,/R curves all have negative slopes suggests that the average surface stress r is tensile. The numerical value of the average surface stress is simply related to the slopes in Fig. 3 . Associated with this internal pressure is a small change in lattice parameter at the center of the cluster acent, as shown in Fig. 4 . Since the change in lattice parameter is directly proportional (within linear elasticity) to the pressure, it is not surprising that acent is also a linear function of l/R. As R gets large, a_, approaches the perfect crystal, zero pressure lattice parameter.
Fig . 5 shows the variation in the average bulk stress (averages taken over spherical shells) within a Au spherical cluster of radius R = 13a, as a function of distance from the center of the cluster. This variation is typical of all the clusters studied. All of the normal stresses are compressive, equal (i.e., the stress state is hydrostatic) and constant throughout the sphere until very close to the surface. The shear stresses are zero. These are in agreement with a continuum elastic description of the stresses within a sphere which has a tensile (positive) surface stress. There is a distinct region near the surface that has a stress distribution much different from that of the bulk and can be associated with the presence of the surface. Although thickness of this surface layer is not well defined, the spatial variations of the all components of the stress suggest that 1.5a, is a reasonable estimate of the surface "thickness". While part of this variation is attributable to surface relaxations, part of it is also associated with the fact that the unrelaxed surface is faceted. The stress state within this layer is complex. The radial stress a,, must go to zero at the surface since the external pressure is zero (i.e., the zero normal traction elastic boundary condition). However, a,, goes through several oscillations before it goes to zero. u,~ exhibits a very strong, compressive peak approximately a,/2 below the surface. Approaching the surface from within, we find that a,, becomes large and compressive (but not as compressive as a,.,>, then very large and tensile followed by a small drop at the surface of the sphere. By symmetry, we expect that a,, = u@J+.
The generality of these results may be seen in Fig. 6 , where we plot the variation of the average internal stress a,, versus distance from the surface for clusters of several different radii. In all cases, the stresses are constant away from the surface layer and show the same general behavior near the surface. The thickness of the surface layer is found to be approximately independent of cluster size and is less than or equal to l&z,. Fig. 7 shows the dependence of the average surface stress G-on the clusters size for gold and copper cluster determined using the method described in Eq. (7) and the Appendix. 7 is evaluated as an average over the entire surface and over the two non-zero components of the normal surface stress 700 and TV+, The average surface stress does not vary smoothly with cluster size. This is attributable to the discreteness of the crystal lattice, as in the case of the average surface energy. Comparison of Figs. 1 and 7 show that in the case of copper, the average surface stress is substantially smaller than the average surface energy, while in the gold case, the average surface stress is slightly larger than the average surface energy. Therefore, the second term in 
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the surface stress in Eq. (1) is negative in one case (Cu) and positive in the other (Au), even though both metals are noble and have the same crystal structure. As discussed above, there are two methods for determining 7: from Eq. (7) and from the slope of the internal pressure versus l/R plots. These two methods yield surface stresses that are in good agreement with each other (within 2.5% for R > 4~s). The slight discrepancies are again attributable to the discreteness of the lattice and the differences in the manner in which both measures of T were summed.
Finite temperature
Au and Cu clusters of radii 6a, and lOa, were examined at 200,400,600,800 and 1000 K. Fig. 8 shows the variation in surface free energy as a function of temperature for Au clusters of radii 6 and 10 lattice parameters. For reference, the finite temperature properties of perfect crystals of Au may be found in Ref. [2] . The average surface free energy is a nearly linear decreasing function of temperature. This suggests that the average surface entropy is positive. A negative surface entropy does not violate the second law of thermodynamics (as long as the system entropy remains positive) since it is an excess quantity (i.e., the difference in the entropy of the system with and without a free surface). By fitting the surface free energy to a curve of the form y = H, -TS,, we can quantify the temperature variation of the free energy and the values of the surface enthalpy and entropy (see Table 1 ). The surface entropy does not go to zero at T = 0 since the entropy was only fitted to high temperature data (the free energy model assumes that Aw < k,T and hence is not accurate below the Debye temperature). The variation in the average surface enthalpy and entropy with cluster radius (from 6a, to lOa,) is only about 1% and 5%, respec- In order to determine whether the finite temperature surface free energy data exhibited the same finite lattice size effects as did the 0 K data (Fig. 21 , Au clusters of sizes ranging from 3~2, to lOa, were studied at 400 K and compared with the 0 K data in Fig. 9 . Clearly, the zero and finite temperature results are in good agreement. This is attributable to the fact that the entropy contribution to the average surface free energy is relatively small (less than a 5% change from 0 to 1000 K, see Fig. 81 and that the effects of thermal expansion have largely been scaled out by the sphere size normalization.
The variation in the average surface stress as a function of temperature for Au and Cu clusters of radius 6a, at 200, 400, 600, 800 and 1000 K is shown in Fig. 10 the clusters. However, this is not the case because the thermal expansion coefficient decreases with increasing compression. This offsets the effect of the reduction in surface stress sufficiently to make the thermal expansion coefficient for the clusters less than that for the zero pressure perfect lattice.
Discussion
The main cause of the variation of surface properties (free energy, stress, etc.) with cluster size appears to be the discreteness of the lattice planes. Continuous changes in the radius of the "spherical" cluster causes discontinuous changes in the surface structure. Clearly a small change in the radius of the cluster can introduce a new atomic plane, add or remove single adatoms from the surface, etc. These are all purely geometrical effects that are independent of the nature of the atomic bonding. These discontinuous changes in surface structure produce large, discontinuous changes in the surface free energy and surface stress. This was confirmed by normalizing the surface free energy data as a function of cluster radius for the different elements by y(lOa,), where we found that the cluster size dependence of the average surface energy exhibits a near universal form with only slight deviations between one element and another. These deviations must be attributable to the differences in the interatomic potential from element to element and the resultant variations in the surface relaxations and/or reconstruction.
We have also presented data which shows that the two different methods for determining the surface stresses lead to nearly equivalent results (Fig. 7) . This shows the validity of applying simple linear continuum analyses to quantities which otherwise must be determined atomistically. This comparison is unambiguous and works because neither the atomistic nor the continuum determination of the surface stress requires the arbitrary assignment of different atoms of the cluster to bulk and surface regions. The small deviations between the two methods for determining the surface stress is associated with the fact that the cluster is not a true sphere (i.e., it exhibits facets). When the surface normal is not exactly parallel to the radius vector, the identification of the tangential components of the surface stress produces small errors. This causes errors in the surface stress calculation using the method outlined in Eq. (7) and the Appendix. These errors become less important as the cluster increasingly resembles a sphere (i.e., in the large R limit), as shown in Fig. 7 .
The identification of the surface thickness is ambiguous since it is sensitive to the definition employed and the physical property that the definition is based upon. Nonetheless, the variation of the stresses within the clusters (Fig. 5) suggest that the surface thickness is approximately 1.5~2,. This is consistent with other surface studies which show that the surface relaxation decays into the bulk with decay lengths of order a few atomic spacings. We note that the estimate of the surface thickness obtained based upon the spherical clusters may be somewhat high, since the surface has an intrinsic thickness (without relaxations) associated with the discreteness of the atomic planes and the necessity that the surface be curved. In other words, there will always be a surface thickness of at least of order of an atomic (R-r)/a, spacing due to the geometric necessity of surface steps. We also find that the surface thickness does not change appreciably with temperature (see Fig. 121 , again indicating the dominance of local atomic geometry in determining this parameter. When the clusters become sufficiently large, the variation of average surface energy with cluster size becomes small. In this regime, the average surface energy of the cluster should provide an accurate measure of the average surface energy of a random polycrystalline aggregate. This is based upon the assumptions that the polycrystal is truly untextured and that the grain boundaries intersecting the surface do not play an important role in the polycrystalline average surface properties. Several attempts have been made in the past to correlate this average surface energy with known physical quantities (see the review by Tyson [7] ). Most of these methods, however, make assumptions about the structure of the "average" surface and the number of atoms exposed per unit area on such an "average" surface. Since surface properties are often calculated only for high symmetry, low index surfaces, we attempt to correlate the average surface energy with the energy of these special surfaces.
In order to correlate the average surface properties with those of high symmetry surfaces, we performed a series of atomistic simulations on {loo}, (110) and (111) surfaces using essentially the same approach as for the clusters at T = 0 K.
The surface free energies y are tabulated for these three surfaces and the R = 15a, clusters of Ag, Au, Cu, and Pt in Table 2 . Examination of this table shows that the average surface free energy determined from the cluster is within 1% of the { 110) surface energy for Ag, Au, Cu and Pt. The {llO) surface is neither the most close packed nor the most commonly occurring facet on the cluster and therefore, the reason for this agreement remains unexplained.
average cluster values. As expected, based upon the above comparison with the (110) surface, we find a large positive coefficient for 1110) (i.e.
~(110) 7
) a small coefficient for (111) (i.e., cyflll)) and a moderately negative coefficient for IlOO) (i.e., 'Yap,&. The predicted average surface energy obtained using these values of cy in Eq. (81, agrees to within 0.2% with the calculated average (cluster) surface energy for all the elements studied. Therefore, we conclude that a rough approximation of the random polycrystalline surface energy of fee metals is y = ytllo), however a better approximation is obtained using a linear combination of the high symmetry surface energies.
We also fit the average (cluster) surface energy to the {loo), {110) and {ill) surface energies using a function of the form (8) subject to the constraint that Cai = 1.0. Only the surface energy data for Ag and Au were used in performing the fit, yielding ~~~~~ = -0.434, ~~~~~~ = 1.249, ~~~~~~ = 0.184. The results are presented in Table 2 as "Prediction I". If on. the other hand, we perform a linear regression on all of the data (a(,,,) = -0.4013, ~~~~~~ = 1.2095, ~~~~~~ = 0.19541, the predicted values (Prediction II in Table 2 ) are in even better agreement with the While the focus of the present work has been on average surface properties, we can also use the present results to obtain information on high symmetry surfaces. As an example, consider the { 110) surface energy. Surface energies of individual surfaces cannot be obtained using such standard methods as the zero creep test. However, since the average cluster surface free energies (in all cases examined herein) are within 1% of the { 110) surface energy, an excellent approximation to the (110) surface free energy may be obtained from a zero creep experiment on a random polycrystalline sample. Making use of the correlations between average polycrystalline results and results on individual surfaces (where known) provides a simple method to obtain experimental data without having to resort to single crystals. The data indicated as Cu(2) and the Ni(2) were obtained using an older version of the EAM potential for these elements [8] . The (loo), (llO), and (111) surface energies for these elements were first published in Ref. [3] for these potentials. The slight discrepancies between the values of these energies in the table and those published in Ref. [3] are attributable to differences in the manner in which the EAM embedding function and its derivatives were calculated.
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Appendix. Calculation of stresses on an atom using the EAM potential
We found that atomic clusters with radii greater than approximately 4a, yield cluster average surface energies and surface stresses that are within a few percent of those obtained from clusters of very large size (l&z,). It is in the large cluster limit that we expect the cluster average surface properties to be equivalent to the random polycrystalline average surface properties. The variation of the cluster average surface properties with cluster size is dominated by a geometrical effect associated with the discrete spacing between atomic planes and that the differences associated with differences in the atomic bonding between different elements is small, at least for the four elements considered herein. The average surface stress was obtained using an explicit atomistic calculation and by measuring the cluster radius dependence of the pressure internal to the cluster. The two methods yield results in good agreement with each other. Comparison of the cluster averaged surface free energy with those of the more commonly studied high symmetry flat (loo}, { 1 lo), and 111 l} surfaces suggest two useful approximations to the average surface properties. A rough estimate is obtained by simply equating the average surface free energy with the surface free energy of a {llO) surface. However, a better estimate is obtained using a linear fit to the IlOO), { llO}, and the {ill} surface free energies. The parameters for use in this fit have been determined. This correlation can be used to obtain the { 110) surface energy of fee crystals from zerocreep experiments on polycrystalline samples.
In this section we present the expression for the calculation of stresses in a system using EAM potentials and the local harmonic approximation. The total free energy of the system, A, can be written as a sum of two parts: a static energy term, A, (which consists of a pairwise term and an embedding energy term) and a vibrational or dynamic term, A, (which contributes to both the entropy and the enthalpy). A =A,, +A,, AO=iC C4(rij) + CFi(Pi), i j#i i
A,=
In the above equations $(rij) is the pairwise energy for atoms i and j and f;;,(&) is the embedding energy. pi is the total electron density at atom site i and can be written as the sum of the contributions to the electron density at site i from all of the other atoms in the system: i.e. p, = Cj+i p(r'j). Dk is the determinant of the local dynamical matrix, dk, of particle k, which for the EAM potential may be written as 
